MicroRNA (miRNA) expression profiling studies revealed a number of miRNAs dysregulated in the malignant brain tumor, glioblastoma. Molecular functions of these miRNAs in gliomagenesis are mainly unknown. We show that inhibition of miR-10b, a miRNA not expressed in human brain and strongly up-regulated in both low-grade and high-grade gliomas, reduces glioma cell growth by cell cycle arrest and apoptosis.
Abstract
MicroRNA (miRNA) expression profiling studies revealed a number of miRNAs dysregulated in the malignant brain tumor, glioblastoma. Molecular functions of these miRNAs in gliomagenesis are mainly unknown. We show that inhibition of miR-10b, a miRNA not expressed in human brain and strongly up-regulated in both low-grade and high-grade gliomas, reduces glioma cell growth by cell cycle arrest and apoptosis.
These cellular responses are mediated by augmented expression of the direct targets of miR-10b, including BCL2L11/Bim, TFAP2C/AP-2γ, CDKN1A/p21, and CDKN2A/p16, which normally protect cells from uncontrolled growth. Analysis of The Cancer Genome Atlas (TCGA) expression dataset reveals a strong positive correlation between numerous genes sustaining cellular growth and miR-10b levels in human glioblastomas, while pro-apoptotic genes anti-correlate with the expression of miR-10b. Furthermore, survival of glioblastoma patients expressing high levels of miR-10 family members is significantly reduced in comparison to patients with low miR-10 levels, indicating that miR-10 may contribute to glioma growth in vivo. Finally, inhibition of miR-10b in a mouse model of human glioma results in significant reduction of tumor growth.
Altogether, our experiments validate an important role of miR-10b in gliomagenesis, reveal a novel mechanism of miR-10b-mediated regulation, and suggest the possibility of its future use as a therapeutic target in gliomas.
Introduction
Glioblastoma (GBM), the highest grade glioma, is the most common malignant primary brain tumor in adults. Despite aggressive treatments, the median survival for patients diagnosed with GBM has only marginally changed over the past 25 years and still remains about one year. There is a critical need for new molecular targets, concepts, and approaches to treat this devastating disease. MicroRNA (miRNA) function in cancer formation has been extensively studied and is currently well established. Oncogenic miRNAs were shown to promote carcinogenesis by targeting tumor suppressors, e.g. regulators of cell cycle and pro-apoptotic genes (1, 2) . Such miRNAs represent attractive targets for anti-cancer therapies, since their activity can be efficiently blocked by sequence-specific oligonucleotides or other antisense approaches.
Here we identified miR-10b as a unique miRNA expressed specifically in glioma tumors but not in normal brain cells, neither neural progenitor cells nor mature glia or neurons. miR-10b is highly expressed in a number of cancers, including glioma (3-6), but its role in gliomagenesis remains unclear. miR-10b is reported to regulate invasion and metastasis in breast cancer by targeting HOXD10 and downstream RHOC and uPAR genes or, alternatively, Tiam1 mRNA and the downstream gene Rac (5, 7) . It also promotes cell migration and invasion of human esophageal squamous cell carcinoma cells by direct regulation of KLF4 (8) . miR-10b also targets neurofibromin/NF-1 mRNA leading to the activation of RAS signaling in neurofibromatosis type 1 (9) . These observations indicate that miR-10b targets different genes and thus controls various cellular pathways in heterogeneous cellular environments. 
Western blotting
Western blot analysis was performed according to standard protocol (12) and as described in Supplementary material.
TCGA GBM data analysis
The TCGA miRNA and mRNA microarray data and metadata including survival information for GBM patients were downloaded from the following portal (13), and analyzed as described in Supplementary material.
In vivo targeting of miR-10b
Nude mice were implanted subcutaneously with 1x10 6 U87-Fluc cells. On day 19 postimplantation, tumors (n=5) were injected directly with a mixture containing 1.2 μl of in vivo-jetPEI (Invitrogen) and 8 μg of anti-miR-10b or control oligo in 5% glucose. The injections were repeated on days 20, 21, 33, and 34. Tumor growth was monitored over time using Fluc bioluminescence imaging after injection of D-luciferin (150 mg/kg) and acquiring photon counts over 10 sec using a CCD camera (Roper Scientific). Data acquisition, processing, quantification, and visualization were performed using CMIRImage program as described earlier (14) . Control mice were sacrificed on day 27 when tumor signals reached saturation and mice treated with miR-10b inhibitor were 8 sacrificed on day 37. For immunohistochemistry, the established tumors were injected with either control or miR-10b inhibitor for two days in a row. Two days later, mice were sacrificed, tumors removed, freshly frozen, sectioned into 10 μm sections, and stained with antibody against Ki-67 (Abcam, 1:100), followed by visualization using fluorescent microscopy. Results and Discussion miR-10b is highly expressed in glioma cells and tumors but not detected in normal brain cells. Several miRNA expression profiling studies, including ours, identified miR-10b as one of the most highly and significantly up-regulated miRNAs in human GBM tumors, compared to normal brain (3, 4, 12) . To study miR-10b expression at different stages of glioma progression, we examined miR-10b levels in primary human glioma tissue specimens by qRT-PCR. Fig. 1A and our previous observations (12) show that miR-10b is highly expressed in gliomas of different grades and types, including low grade tumors (diffuse astrocytoma W.H.O. Grade II), however it is not detected in normal adult human brain specimens. In addition, we analyzed miR-10b expression in TCGA dataset, the largest currently available collection of GBM tissues, which includes array-based data on miRNA expression in 261 GBM samples and 10 normal brain samples (15) . We found a broad range of miR-10b expression in GBM, with its high expression levels detected in the vast majority of GBM tissues. In contrast, in all normal brain specimens, miR-10b expression was at the baseline level ( Supplementary Fig. S1 ). We further studied miR-10b expression in specific populations of human neural cells cultured in vitro. Remarkably, miR-10b was not detected by qRT-PCR in normal human neural progenitors that were cultured as neurospheres (hNP, Fig.   1B ) and in mixed neuro-glial cultures obtained from human fetal brain (NNC). In contrast, it was highly expressed in tumorigenic glioma stem cell-like cultures as well as in all established glioma cell lines tested (Fig. 1B) . A close homolog of miR-10b, miR10a, is expressed in a normal brain and, based on qRT-PCR reactions and our analysis response of several principal cell cycle regulators to the modulation of miR-10b expression by both miR-10b inhibition and over-expression (Fig. 2D) . Levels of positive cell cycle regulators, such as cyclins B1 and D1 correlated with the modulated expression of miR-10b: the over-expression of miR-10b caused up-regulation of cyclins B1 and D1, whereas the inhibition of miRNA significantly reduced their levels.
Regulation of these cyclins by miR-10b is most likely indirect and reflects its potential in promoting cell cycle. Therefore, miR-10b may control the sustained growth of glioma cells by regulation of cell cycle machinery.
Apoptosis and autophagy are induced in response to miR-10b inhibition.
Reduction of glioma cell growth by down-regulation of miR-10b suggests that these cells may undergo programmed cell death. To test this hypothesis, we performed a number of assays to measure the induction of apoptosis in cells transfected with the anti-miR-10b oligo. Enzymatic assays measuring caspase-3 and -7 demonstrated about 2-fold activation of these effector caspases in most glioma cell lines following miR-10b inhibition (Fig. 3A) . miR-10b down-regulation also caused caspase-3 and -7 cleavages, as detected by Western blot, indicating their activation (Fig. 3B) . Finally, since DNA degradation is a hallmark of apoptotic induction, we examined cellular DNA content in different glioma cells transfected with anti-miR-10b using propidium iodide (PI) staining.
U251 cells treated with the control oligo exhibited low levels of sub-G1 population representing mostly apoptotic cells (2%+0.3) while the miR-10b inhibitor strongly induced apoptosis (15%+0.1) (Fig. 3C) . We also observed an increase in sub-G1 population in other glioma cell lines, such as A172, LN229, LN308, LN464, LN215, U87 Fig. S4B ). These experiments demonstrate a potent apoptotic response of glioma cells to miR-10b inhibition.
Interestingly, not all glioma cell lines responded to miR-10b inhibition by induction of apoptosis. This result led us to test anti-miR-10b effects on autophagy, an additional non-apoptotic cellular pathway associated with cell death, by following the autophagic marker LC3. In several glioma cell lines, including LN464, U87, and U251, LC3 expression was up-regulated and/or its mature form LC3-II was detected following miR10b inhibition (Fig. 3D) . Altogether, these observations demonstrate an involvement of miR-10b in the regulation of programmed death of glioma cells.
miR-10b directly regulates Bim, TFAP2C, p16, and p21. In order to identify target mRNAs directly regulated by miR-10b in glioma cells, we utilized several bioinformatic target prediction algorithms (TargetScan, Microcosm, Pictar, and RNAhybrid). We were particularly interested in the predicted targets that belong to "cell cycle" and "apoptosis" related Gene Ontology (GO) terms. Among predicted targets, we focused on Bim, TFAP2C, CDKN2A/p16, and p21. The first putative target, Bim, is a BCL2 interacting mediator of cell death, a pro-apoptotic protein whose expression and activation is a common response to anti-cancer therapeutics (17) . Second, Transcription Factor AP-2γ (TFAP2C) is involved in cancer cell death, growth, and invasion (18) . It can interact and activate p53, up-regulate cell cycle inhibitor p21, and also function in a p53-independent way. The third putative target, CDKN2A/p16 cell cycle inhibitor and tumor suppressor gene, is deleted in ~55% of malignant gliomas and in most glioma cell lines (15, 19) , suggesting that the loss of this gene represents a key event on a road to GBM. In glioma cells that retain the CDKN2A chromosomal locus, miR-10b-mediated posttranscriptional repression of p16 mRNA would provide an additional mechanism of its silencing. Finally, p21 is a cell cycle inhibitor capable of inducing cell cycle arrest and senescence in cancer cells (20) . mRNAs for these predicted targets have perfect matches in their 3'UTRs to the seed region (nucleotides 2-8) of miR-10b (Supplementary Fig. S5 ). Predicted miR-10b binding sites in the TFAP2C and Bim mRNAs are highly conserved among mammals; predicted binding sites for CDKN2A/p16 and p21 are less conserved. To validate the regulation of these genes by miR-10b, we tested their expression levels upon inhibition of miR-10b. As expected, silencing of miR-10b caused de-repression of each of these genes, that was detected at both mRNA and protein levels in a number of glioma cell lines (Fig. 4A-B and Supplementary Fig. S6A ). In contrast, HOXD10, the target validated for miR-10b and involved in migration and invasion of breast carcinoma cells (5) was not affected by anti-miR-10b in glioma cells (Supplementary Fig. S6B ). These results indicate that in glioma miR-10b regulates Bim, TFAP2C, p16, and p21 but not HOXD10.
To further validate direct binding and targeting by miR-10b, we constructed Renilla luciferase reporters containing either wild type or mutated 3'UTRs of these four target genes. Mutations were designed within the miR-10b seed-binding regions of the 3'UTRs, as indicated in Supplementary Fig. S5 , in order to disrupt the predicted binding.
Reporter activities were quantified and normalized to non-targeted Firefly luciferase activity. All four reporters containing the wild type 3'UTRs demonstrated notable derepression in response to inhibition of miR-10b (Fig. 4C) , indicating that miR-10b regulates those four genes via their 3'UTRs. Mutations within the miR-10b binding sites of Bim, TFAP2C, p21, and p16 3'UTRs partially abolished the responsiveness of the corresponding reporters to the miR-10b inhibitor. These results indicate that these sites are indeed critical for miR-10b binding and mediate its regulation.
Additional evidence supporting regulation of Bim, TFAP2C, and p21 by miR-10b in GBM was obtained from the combined analysis of miR-10b expression and Affymetrix mRNA profiling datasets reported by TCGA for GBM patients (15) . Across 258 GBM tumors analyzed, miR-10b levels negatively correlated with Bim, TFAP2C, and p21 mRNAs (correlation coefficient for TFAP2C -0.228, p=0.0002; for Bim -0.153, p=0.01, and for p21 -0.113, p=0.06) (Supplementary Fig. S7 ). In contrast, based on TCGA dataset, HOXD10 was among the genes which expression most strongly positively correlated with miR-10b expression in GBM (correlation coefficient 0.402, p=7.9E-12).
Moreover, HOXD10 downstream negative target, uPAR/PLAUR negatively correlated with miR-10b (correlation coefficient -0.219, p=0.0003). Altogether, these results indicate that miR-10b regulates Bim, TFAP2C, p16, and p21 and do not support miR10b function in regulating HOXD10 in glioma cellular contexts.
One miRNA usually regulates multiple mRNA targets in a specific cellular context. To investigate whether miR-10b-regulated glioma cell growth is indeed mediated by the identified targets, we performed a set of rescue experiments. In these experiments, miR-10b inhibitor was co-transfected with siRNAs to Bim, TFAP2C, p16, or p21 mRNAs (Supplementary Fig. S8A ). If these mRNAs are functional targets of miR-10b in glioma, abolishing their de-repression by specific siRNAs is expected to reduce cell cycle arrest and/or cell death caused by anti-miR-10b. Indeed, specific Fig. S8B ) and apoptosis induction was alleviated by siRNA to Bim, as quantified by glioma cell accumulation in sub-G1 (Fig. 4D) . Individual siRNAs to other tested mRNAs also tended to reduce the accumulation of glioma cells in sub-G1 (Supplementary Fig. S8C ). In addition, siRNA to p21 restored S-phase in the anti-miR10b treated glioma cells (Supplementary Fig. S8D ). These results indicate that the identified targets at least partly mediate apoptosis and cell cycle effects caused by miR- day) to ensure continuous distribution of the oligos. As demonstrated in Fig. 5A and Supplementary Fig. S9A , while all tumors treated with the control oligo continued to grow rapidly, injections of the anti-miR-10b oligos efficiently suppressed tumor growth for at least 7 days post-treatment. When the tumors resumed to re-grow, they were reinjected for two days with the same dose of anti-miR-10b, which again blocked tumor growth (Fig. 5A) . After treatment, tumors were removed, sectioned, and stained for Ki-67, a marker of cell proliferation, and TUNEL, a marker for cell death. Tumors injected with anti-miR-10b showed reduced Ki-67 staining and increased TUNEL-positive cells as compared to controls, indicating that miR-10b suppression leads to inhibition of glioma cell proliferation and up-regulation of apoptosis in tumor xenografts ( Fig. 5B and Supplementary Fig. S9B ).
TCGA data analysis suggests a global regulatory role for miR-10b in GBM cell growth and death, and patients' survival. A recently published TCGA collaborative study on 258 GBM specimens allows for an integrated analysis of various molecular characteristics of the tumors, including mRNA and miRNA expression, as well as clinical parameters and survival data (15) . We utilized these TCGA data for the analysis of correlation between miR-10b levels and expression of genes associated with different biological processes (GO terms). Interestingly, we found that expression of numerous genes that belong to cell cycle bioterms, positively correlated with miR-10b levels, while mRNA levels of pro-apoptotic genes anti-correlated with miR-10b expression (Fig. 6A and 6B, p<0.0001). In particular, miR-10b expression strongly correlated with expression of genes that belong to "G1/S transition", "G2/M transition", "S-phase" and 
"M-phase of mitotic cell cycle" bioterms. For comparison, similar analysis performed for miR-21 and miR-10a demonstrated no such correlations with the cell cycle and apoptosis bioterms. These data, along with our in vitro results, indicate that regardless of the number of direct mRNA targets, miR-10b is upstream of cell cycle and antiapoptotic genes, controlling principal decisions of proliferation versus cell death in glioma cells. Importantly, miR-10b did not correlate with bioterms related to migration and invasion ( Supplementary Fig. S10 ), further suggesting that miR-10b is not involved in these processes in glioma.
Finally, we investigated association between miR-10b expression in GBM tumors and patients' post-diagnosis survival. Kaplan-Meier survival analysis available through the TCGA Cancer Molecular Analysis Portal (21) suggested that miR-10b expression may correlate with patient survival (22). Using our more stringent approach that included all possible patients' stratification conditions, we also detected some association between miR-10b expression and survival, however it was insignificant for most stratification conditions. Of note, both miR-10a and miR-10b are expressed in glioma from two independent loci, thus their expressions do not correlate. The two miRNAs likely co-function since they are predicted to mainly have identical targets. We therefore assessed whether combined miR-10a/b (miR-10) expression correlates with the survival. Importantly, regardless of the stratification conditions, the expression of miR-10 was significantly associated with survival: patients with high miR-10 levels have much shorter survival compared with the low-miR-10 expressors (Fig. 6C) . This strong correlation of combined miR-10a and miR-10b expression levels with patients' survival indicates that both miR-10a and miR-10b may contribute to gliomagenesis. Nevertheless, the profound effects of miR-10b on cell cycle and apoptosis in vitro ( Fig. 2   and 3) , suggest that the functions of miR-10a and -10b are not absolutely redundant and the highly elevated levels and activity of miR-10b in glioma cells play an important role in the tumor biology. Additional in vivo experiments will be required to determine if antagonizing miR-10b alone or miR-10 as a family proves most efficient for glioma treatments.
In conclusion, we integrated in vitro experiments on glioma cells and in vivo studies on a mouse model of human glioma together with in silico analysis of a large dataset of human GBM (TCGA) to understand the functions of miR-10b in these brain tumors. Importantly, miR-10b is highly expressed in a number of genetically diverse glioma cell lines including p53-or PTEN-mutated and CDKN2A-deleted cells, and its inhibition reduces growth of all of them. Indeed, miR-10b appears to target at least several key cell cycle inhibitors and pro-apoptotic genes and thus controls glioma growth by modulating several independent signaling pathways. Previous correlative studies suggested that, as in breast carcinoma, miR-10b may target HOXD10 and thus control migration/invasion in glioma (4) . Our functional studies demonstrate that in glioma, differently from breast carcinoma, miR-10b operates not by repressing HOXD10 and thus promoting cell migration and invasion, but by a principally different mechanism of controlling cell cycle and apoptosis. Therefore, one miRNA may serve different 
